Abstract: This paper presents energy balances for various digestion systems, which include single mesophilic digestion, single thermophilic digestion, two-stage thermophilic-mesophilic digestion system and systems at elevated solids content in sludge. On the basis of the sludge flow containing 30 tons TS/day (equivalent to a 100 ML/d WWTP plant) it was shown that two-stage thermophilic-mesophilic digestion system generated more available energy than single mesophilic digestion and single thermophilic digestion systems. Sludge thickening offered the greatest amount of available energy; however that energy surplus was offset by the cost of thickening. After the cost of thickening was converted into equivalent energy units it was shown that the price of energy is important in calculation of equivalent energy units related to operation of the thickening plant. Sludge thickening may be beneficial from energy view point compared to conventional mesophilic digestion when price of energy exceeds $0.08CAN kW-hr.
INTRODUCTION
Anaerobic digestion of wastewater sludge, material reach in organic matter, leads to production of biogas: primarily a mixture of methane and carbon dioxide. The technology of anaerobic digestion has been applied in various configurations as (Ghosh 1998; Schafer, Farrell et al. 2002; Wilson and Marx 2002; Reusser and Zelinka 2004 ):
• conventional mesophilic anaerobic digestion (MAD)
• thermophilic digestion (TAD)
• temperature-phased anaerobic digestion (TPAD)
• acid-gas digestion (AGD)
• or recently three-phase and multiple-phase digestion systems.
These technologies usually claim greater biogas production and additional stability to the process as compared to MAD. However, biogas production is only one of many components of anaerobic digester energy balance (see Figure 1 ). For instance, using temperature-phased digestion or three-phase digestion (meso-thermo-meso) may result in greater biogas production but requires more energy than conventional MAD system (Shimp, Rowan et al. 2003) and may exhibit worse energy balance than conventional MAD. At the same time, in order to achieve Class A biosolids standards most treatment plants apply thermophilic process to meet time-temperature requirements defined by EPA (E.P.A. 1999).
OBJECTIVES & METHODOLOGY
The objective of this paper was to present energy balances for various digestion systems, which included single mesophilic digestion, single thermophilic digestion, two-stage thermophilic-mesophilic digestion system and systems at elevated solids content in sludge. Energy balance included following components:
• energy demand -energy required for process operation such as heat requirement to elevate sludge temperature, and heat losses through digesters walls
• recoverable energy -energy associated with methane content in biogas, this energy can be recovered either in form of heat or electricity; and heat recovered through heat exchangers All energy balance calculations were based on the following assumptions:
Energy from biogas = VCH4 x 37 GJ/m3 (methane content of biogas) Calculations of heat requirements, recovery and losses were based on Tchobanoglous, Burton et al. (2003) .
RESULTS
Figures 1, 2 and 3 show energy balances of conventional mesophilic anaerobic digester, thermophilic anaerobic digester and two-stage thermophilic-mesophilic digestion system, respectively. It was shown that single stage thermophilic digester may not be beneficial from energy view point than single stage mesophilic digester if sufficient additional VS destruction and associated methane production does not occur; based on the example presented additional 10% VS destruction by thermophilic digestion as compared to mesophilic digestion did not provide sufficient energy surplus to compensate for additional energy requirement. Two-stage thermophilicmesophilic digestion showed the greatest amount of available energy as compared to single mesophilic and single thermophilic digester which was due to the fact that additional heat recovery between digestion stages was possible. Examples of energy balances shown in Figures 1, 2 , and 3, were prepared for wastewater sludge solid content of 3% (wastewater sludge contains approximately 94 to 98% water). Significant amount of energy needs to be provided for the process of anaerobic digestion to elevate the temperature of the liquid sludge to mesophilic (35 to 38oC) or thermophilic (50 to 60 oC) range. Heat requirements depend entirely on sludge volume (sludge at 97% water or 94% water exhibits heat properties similar to water that were assumed constant for the purpose of the above calculations). The proposed improvement in digester energy balance through sludge thickening aims to reduce the sludge flow and therefore achieve reduction in the process heat requirements. Applying sludge thickening can be a relatively simple upgrade to the existing process in order to achieve selfsustainability or even generate a surplus of energy.
Sludge thickening prior digestion results in sludge volume reduction that reduces digesters' volumes (at constant SRT) and heat requirements of the process (see Figure 4 ). For instance, increasing total solids (TS) content of sludge from 3% TS to 6% TS brings approximately 50% reduction in sludge volume. Alternatively, using the same volume of digestion system, sludge thickening and corresponding sludge flow reduction may allow for longer solids retention time (SRT) of the digestion and therefore provide additional volatile solids (VS) destruction and additional biogas production ( Figure 5 ). As shown in Figure 6 the latter option appears beneficial from energy recovery view point if necessary digestion volume is available (such as addition of thickening to existing digestion system). Energy balances in Figures 1 and 6 were prepared for the same mass of volatile solids and the same temperature of digestion. Compared with energy balance presented in Figure  1 additional 20% of energy may be available (Option A in Figure 6 ) if sludge was to be thickened from 3% TS to 6% TS which resulted in half of the initial sludge flow. Alternatively, if additional retention time was utilized due to decreased sludge flow, it would be possible to recover up to 27% of energy more from digestion system (Option B in Figure 6 ). Finally, to make comparison of energy balances between digestion systems utilizing sludge thickening it is necessary to include to costs of thickening in energy calculations. Sludge thickening can be achieved by gravity (such as gravity thickeners) or mechanically: in gravity belt thickener, rotary drum thickener, centrifuge, or DAF unit. As an example cost mechanical thickening, gravity thickener and DAF unit are presented in Table 1 .
Costs presented in Table 1 may be converted to energy units based on energy costs. An estimate of costs related to gravity thickening expressed in equivalent energy units is presented in Table 2 . As it can be seen that equivalent energy units related to the cost of thickening strongly depend on the cost of energy. A comparison of energy balances for digestion systems that utilize sludge thickening versus those that do not is presented in Table 3 . In example presented in this paper thickening becomes a viable options from energy view point when the price of energy exceeds $0.08 CAN. Similar analysis could be performed for centrifuge thickening costs and DAF unit. 
CONCLUSIONS
Energy considerations presented in this paper were related to a mass of solids of 30 tons TS/day which would be equivalent to 100 ML/d WWTP plant. It was also assumed that plant is equipped with anaerobic digesters but does not have thickening plant. Based on the material presented in this paper following conclusions can be drawn:
• single stage thermophilic digester may not be beneficial from energy view point than single stage mesophilic digester if sufficient additional VS destruction and associated methane production does not occur; based on the example presented additional 10% VS destruction by thermophilic digestion as compared to mesophilic digestion did not provide sufficient energy surplus to compensate for additional energy requirement.
• Two-stage thermophilic-mesophilic digestion showed the greatest amount of available energy as compared to single mesophilic and single thermophilic digester which was due to the fact that additional heat recovery between digestion stages was possible.
• Sludge thickening showed potential to be more energy beneficial than two-stage thermophilic-mesophilic digestion due to either smaller digestion volume or increase digestion time and additional VS destruction. The latter option is beneficial from energy view point and it was shown that it could provide additional 27% of energy as compared to conventional mesophilic anaerobic digestion (note: assumed sludge thickening from 3%TS to 6% TS; costs of thickening not included).
• Energy loss representing costs of thickening was calculated. It was shown that equivalent energy units related to the cost of thickening strongly depend on the cost of energy. Depending on the energy price sludge thickening may or may not be a viable option from energy view point. It would be beneficial to add thickening plant when energy price exceeded $0.08 CAN per kW-hr.
Other benefits of sludge thickening include the following:
• Possibility of accepting additional sludge due to decreased sludge volume through thickening; this situation could occur due to plant expansion or additional sludge volume trucked from other source.
• Possibility to built smaller digestion plant due to decreased sludge volume; this situation could occur if plant was not equipped with digestion plant.
